Rodents given a supramaximally stimulating dose of cholecystokinin or its analogue cerulein develop acute pancreatitis with acinar cell injury, pancreatic inflammation, and intrapancreatic digestive enzyme (i.e., trypsinogen) activation. Prior thermal stress is associated with heat shock protein 70 (HSP70) expression and protection against ceruleininduced pancreatitis. However, thermal stress can also induce expression of other HSPs. The current studies were performed using an in vitro system to determine whether HSP70 can actually mediate protection against pancreatitis and, if so, to define the mechanism underlying that protection. We show that in vitro exposure of freshly prepared rat pancreas fragments to a supramaximally stimulating dose of cerulein results in changes similar to those noted in cerulein-induced pancreatitis, i.e., intra-acinar cell trypsinogen activation and acinar cell injury. Short-term culture of the fragments results in HSP70 expression and loss of the pancreatitis-like changes noted after addition of cerulein. The culture-induced enhanced HSP70 expression can be prevented by addition of either the flavonoid antioxidant quercetin or an antisense oligonucleotide to HSP70. Under these latter conditions, addition of a supramaximally stimulating concentration of cerulein results in trypsinogen activation and acinar cell injury. These findings indicate that the protection against cerulein-induced pancreatitis that follows culture-induced (and possibly thermal) stress is mediated by HSP70. They suggest that the HSP acts by preventing trypsinogen activation within acinar cells.
Introduction
Rats infused with a supramaximally stimulating dose of cerulein, a cholecystokinin analogue, develop acute interstitial pancreatitis (1) . We have recently shown that the early events that characterize secretagogueinduced pancreatitis can also be induced by the in vitro exposure of rat pancreatic acini to a supramaximally stimulating concentration of cerulein (2, 3) . Under both in vivo and in vitro conditions, one of the earliest events that follows supramaximal secretagogue stimulation is the intra-acinar cell activation of digestive zymogens such as trypsinogen (3, 4) . This intracellular activation of digestive enzymes subsequently leads to pancreatic injury in vivo and to acinar cell injury in vitro (5) . We have suggested that this in vitro reductionist model system of pancreatitis might prove useful for studies directed at identifying cellular events that regulate the evolution and severity of pancreatitis.
Exposure of rats to thermal stress, 12 to 24 hours before cerulein infusion, prevents secretagogue-induced pancreatitis (6) . Whereas this prior period of thermal stress is known to induce heat shock protein 70 (HSP70 [inducible]; also known as HSP72) expression in the pancreas, the levels of other HSPs, including HSP27, are also upregulated following thermal stress (ref. 7 and A.K. Saluja et al., unpublished observations) . Also, other potentially protective changes may follow thermal stress and, for that reason, it has not been possible to conclude that the protection against secretagogue-induced pancreatitis that follows thermal stress is actually mediated by upregulated HSP70 expression. In addition, the mechanisms responsible for HSP70-mediated protection, if it were to occur, remain unknown.
In this study, we have used an in vitro system of cultured pancreas fragments to explore the relationships between HSP70 expression and secretagogue-induced acinar cell injury. As had been noted for freshly isolated acini (5) , we find that exposure of freshly prepared fragments to a supramaximally stimulating concentration of cerulein leads to colocalization of digestive enzymes and lysosomal hydrolases, trypsinogen activation, and, subsequently, to acinar cell injury. Short-term culture of freshly prepared fragments does not alter their secretory response to cerulein but, under these conditions, supramaximal stimulation no longer causes colocalization, trypsinogen activation, or cell injury. Short-term culture of fragments also induces HSP70 expression in these fragments. Prevention of upregulated HSP70 expression, either by incubation with the flavonoid antioxidant quercetin or by incorporation of an antisense HSP70 oligonucleotide, prevents HSP70 upregulation and restores all of those pancreatitis-like responses (i.e., colocalization, trypsinogen activation, and cell injury) to supramaximal cerulein stimulation. These observations lead us to conclude that the upregulated expression of HSP70 can prevent secretagogue-induced acinar cell injury and that the HSP exerts this protective effect by preventing trypsinogen activation.
highly conserved region of HSP70 (inducible form) as described in detail by Nakano et al. (8) . The sequence 5′-TCGGCATCGACCTG-3′ (sense, S) corresponds to bases 508 to 521 in the human gene (9) (Genbank accession no. M11717 M15432; National Institutes of Health [NIH], Bethesda, Maryland, USA) and occurs very close to the translation start site at base 489. A search of the NIH Genbank for mammalian genes with the same sequence identified 18 different exact matches, all HSP70 genes from various species, including human, cow, pig, rat, hamster, and mouse. A comparison of this sequence for human HSP70 with the human HSC70 (heat shock cognate form) showed that five out of 14 bases did not match (TTGGTATTGATCTT; Genbank accession no. Y00371) (10) . Thus, there is significant sequence difference between HSC70 and HSP70 in this 14-base region. The second 18-base phosphorothioate antisense oligonucleotide (AS II) was synthesized on the basis of the coding region (5′-CACCTTGCCGTGCTGGAA-3′, nucleotide positions 61-78) of the mouse HSP70 gene (11) as described by Robertson et al. (12) . In this case, also, no significant sequence similarity was found to either the HSC70 or GRP 78 genes. (GRP 78 is a member of HSP 70 family of proteins, also referred to as BiP, which is primarily localized in the endoplasmic reticulum.) Sense phosphorothioate nucleotides to both these AS nucleotides were used as controls.
Preparation and culture of pancreas fragments and evaluation of viability. Pancreas fragments were prepared essentially according to the method of Jaffrey et al. (13) . Pancreata from Wistar rats (75-100 gm) were removed and injected with HEPES buffer, pH 7.4, containing NaCl (130 mM), KCl (5 mM), MgCl 2 (1 mM), CaCl 2 (1 mM), HEPES (10 mM), glucose (15 mM), sodium pyruvate (10 mM), and BSA (0.1%). The buffer was saturated with oxygen by bubbling. The fragments were then cut into small pieces less than 0.5 mm in diameter, resuspended in Ham's F12K nutrient mixture supplemented with 20% FBS, and cultured in 24-well plates for up to 48 hours. At different times the fragments were harvested, washed with HEPES buffer, and their response to cerulein administration was studied.
The viability of pancreas fragments was determined using MTT, as described by Jaffrey et al. (13) .
Treatment of fragments with quercetin and antisense oligonucleotides. A fresh stock of quercetin was prepared in DMSO and added to the medium (50 µM final concentration) at the time the fragments were placed in wells. Rat pancreas fragments were also cultured either with phosphorothioate AS (AS I or AS II,1 µM) to HSP70 or 1 µM sense (S I or S II) RNA dissolved in distilled water and added to the culture medium. Fragments were incubated with these agents for a period of 12 hours, then washed thoroughly, and used for further experiments. Fragments incubated in the medium only served as controls. In preliminary experiments, four concentrations of AS nucleotides (0.5, 1, 2, and 4 µM) were tested. Since incubation with 1 µM AS I or AS II for 12 hours was sufficient to inhibit HSP70 expression and also to result in restoration of trypsinogen activation in response to supramaximal dose of cerulein, this dose of AS was chosen for all further experiments.
Also, preliminary studies were done with FITC endlabeled AS II nucleotide to examine its uptake by pancreas fragments for a period of up to 18 hours in culture. Freshly prepared pancreas fragments were incubated with labeled AS (100 nM), and 12 and 18 hours later samples were harvested, washed thoroughly with PBS, homogenized, and the fluorescent intensity measured (excitation 494 nm; emission 520 nm) and expressed as fluorescent intensity/total protein. Since there was no increase in uptake after 12 hours (463.4 ± 30.2, 12 hours, vs. 439.1 ± 29.4, 18 hours), this period of incubation was chosen for all treatments. Morphological examination of pancreas fragments under a fluorescence microscope confirmed the uptake of AS nucleotide as green fluorescent punctate dots in the acinar cells.
Western blotting for HSPs. Pancreas fragments were washed thoroughly with HEPES buffer after various treatments and then homogenized in suspension buffer, pH 7.4, containing NaCl (100 mM), Tris HCl (10 mM), EDTA (1 mM), aprotinin (1 µg/mL), and PMSF (100 µg/mL). The homogenates were centrifuged (14,000 g for 15 minutes at 4°C), the supernatants collected, and the protein concentration in the supernatant was measured by the method of Bradford (14) . Samples (10 µg/lane) were subjected to gel electrophoresis as described by Laemmli (15) using 10% Ready gels and transferred onto nitrocellulose membranes for Western blot analysis by the method of Towbin et al. (16) . Induction of HSP27, HSP60, HSC70, and HSP70 was monitored using antibodies to these HSPs (1:1,000). Labeled proteins were visualized by the enhanced chemiluminescence method using HRP-coupled secondary antibodies (1:5,000) and quantitated using a Scion Image Analysis Program (Scion Corp., Frederick, Maryland, USA).
RNA isolation and RT-PCR for HSP70 and HSP60. Pancreas fragments were washed with HEPES buffer and stored in RNA Later at 4°C until further processing. Total RNA was extracted using the Totally RNA kit. Five micrograms of total RNA was reverse transcribed in a 50-µL reaction mixture containing 50 ng of random hexamer as primer, together with 200 U Superscript II reverse transcriptase, according to the manufacturer's instructions (GIBCO BRL). For the PCR, 2 µL of cDNA mixture were added to 50 µL of a master mix containing 200 µM of each dNTP, 100 pM of each specific primer, as well as 1.5 mM MgCl 2 and 25 U Taq DNA polymerase. DNA oligonucleotide primers for HSP70 were selected from NIH Genbank (accession no. E12384). The sense primer was based on the sequence number 631-652 5′-GCTGAC-CAAGATGAAGGAGATC-3′ and the antisense number 1100-1019 5′-GAGTCGATCTCCAGGCTGGC-3′. The sequences for HSP60 were also selected from NIH Genbank (accession no. X53584). The sequence for sense HSP60 was 5′-TAGGGAAAGTTGGAGAGGTC-3′ and antisense 5′-AGTTAGAACATGCCGCCTCC-3′. The optimal reaction conditions chosen were an annealing temperature of 40°C, cycle number 35, and Mg 2+ concentration of 1.5 mM. The PCR products were separated on 1.5% agarose gel and stained with ethidium bromide. The stained gels were photographed under ultraviolet (UV) illumination using Polaroid 667 film (Polaroid Corp., Cambridge, Massachusetts, USA).
Amylase secretion from pancreas fragments. Pancreas fragments, harvested at various time points, were incubated at 37°C with varying concentrations of cerulein for 30 minutes. Amylase secretion into the medium and total amylase content were measured using 4,6-ethylidene (G 7 )-p-nitrophenyl (G 1 )-α 1 D-maltoheptoside as the substrate, as described by Kruse-Jarres et al. (17) . Amylase secretion into the medium was expressed as a percent of total amylase content.
Figure1
Effect of duration of culture and incubation with oligonucleotides on the viability of pancreas fragments as assessed by MTT assay and amylase secretion. (a) MTT assay. S I and S II represent sense oligonucleotides, AS I and AS II represent antisense nucleotides, and Q represents quercetin as described in the text. Values are mean ± SEM obtained from at least three separate experiments and expressed as percent of control (0 hours) values. A P < 0.05 compared with freshly prepared (0 hours) samples. (b) Amylase release into the medium in response to 0.1 nM cerulein was quantitated as described in the text. Values are mean ± SEM for at least three separate experiments, each consisting of three or more wells in each group. A P < 0.05 when cerulein-stimulated amylase secretion is compared with basal values at each time point indicated.
Trypsin activity in pancreas fragments. After incubation of the pancreas fragments with or without cerulein for 30 minutes, the suspending buffer was removed and the fragments were washed twice with cold (4°C) Mops buffer, pH 7.0 (250 mM sucrose, 5 mM Mops, and 1 mM MgSO 4 ). They were then homogenized in the same buffer using a motorized glass-Teflon homogenizer. The resulting homogenate was centrifuged (50 g, 5 minutes), and the supernatant was taken for assay. Trypsin activity was measured fluorometrically using BoC-Glu-Ala-Arg-MCA as the substrate, according to the method of Kawabata et al. (18) and described in detail in our earlier publication (4) . DNA was measured using Hoechst dye 33258, according to the method of Labarca and Paigen (19) and the results expressed as trypsin activity (slope) per microgram of DNA in the homogenate.
Trypsinogen activation peptide levels in pancreas fragments. Immediately after treatment of the fragments with 0.1 µM cerulein for 30 minutes, the suspending medium was removed, the fragments were resuspended in trypsinogen activation peptide (TAP) assay buffer, pH 7.4 (20 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl), and the samples were boiled for 10 minutes. They were then homogenized in the same buffer, centrifuged, and the supernatant was stored frozen for later TAP measurement. TAP levels were determined by direct competitive ELISA using affinity-purified rabbit polyclonal antibody to TAP, according to the method of Gudgeon et al. (20) . TAP levels were expressed as nanograms of TAP per microgram of DNA.
Light microscopy immunolocalization of TAP and cathepsin B. Fragments (freshly prepared or after 12 hours of culture with or without antisense/sense oligonucleotides) after 30 minutes of stimulation with 0.1 µM cerulein were fixed in neutral buffered formalin and, after processing, were embedded in paraffin wax. Immunolocal-ization of TAP and cathepsin B was carried out using the protocol described by Hofbauer et al. (4) . Photomicrographs were taken using BioRad MRC1200ES confocal laser scanning microscope, with the fluorescence in two channels monitored simultaneously. The fluorescence attributable to TAP appears green, whereas that attributable to cathepsin B appears as red. Thus, areas of colocalization appear as yellow dots in photomicrographs.
Lactic dehydrogenase release from pancreas fragments. Pancreas fragments were incubated for 90 minutes with 0.1 µM cerulein, and the percent of total lactic dehydrogenase (LDH) activity released into the suspending medium was quantitated. LDH activity was assayed as described by Amador et al. (21) .
Statistical analysis. The results reported represent mean plus or minus SEM values obtained from multiple determinations in three or more separate experiments. The significance of changes was evaluated using student's t test when the data consisted of only two groups or by ANOVA when comparing three or more groups. A P value of less than 0.05 was considered to be statistically significant.
Results
Viability and functional integrity of pancreas fragments. MTT penetrates cells, and viable cells with active mitochondria cleave the tetrazolium ring into a dark blue formazan reaction product, which can be quantitated spectrophotometrically. We used MTT uptake and cleavage as a measure of viability for the pancreatic fragments. As shown in Figure 1a , fragments maintain their viability for up to 48 hours in culture. After 6-24 hours of culture, viability is similar to that of freshly prepared fragments, but it decreases over the subse-
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Figure 2
Effect of duration of culture and incubation with oligonucleotides on dose response for cerulein-stimulated amylase secretion from pancreas fragments. Amylase release into the medium was quantitated as described in the text. Values are mean ± SEM for at least three separate experiments at each cerulein concentration in each group. Cer, cerulein.
Figure 3
Effect of duration of culture on the ability of supramaximal cerulein to cause trypsinogen activation (as assessed by measuring trypsin activity and TAP levels) and cell injury (LDH leakage) in pancreas fragments. Values are mean ± SEM obtained from at least three independent experiments and expressed as percent of maximal response obtained when freshly prepared pancreas fragments are stimulated with supramaximal dose of cerulein. A P < 0.05 when values obtained from cerulein-stimulated freshly prepared fragments are compared with the basal values. quent 24 hours. Inclusion of quercetin, antisense (AS I, AS II), or sense (S I, S II) oligonucleotides in the culture medium also does not affect the viability of fragments. Cerulein, an analogue of cholecystokinin, induces biphasic secretion of amylase from pancreas fragments with stimulation of secretion in the presence of low concentrations of cerulein and inhibition at higher concentrations of the secretagogue. We used cerulein stimulation/inhibition of amylase secretion as a measure of the functional integrity of pancreas fragments. As shown in Figure 1b and 2, pancreas fragments remain responsive to cerulein for up to 36 hours. There is a gradual, time-dependent rise in basal amylase secretion from the fragments as well as a gradual decline in the maximal rate of amylase secretion noted with 0.1 nM cerulein, but net stimulation of secretion persists (Figure 1b ). That stimulation retains its biphasic character when varying concentrations of cerulein are used, whether the fragments are freshly prepared or cultured for 12 hours in the absence or presence of sense (S I) or antisense (AS I) oligonucleotides (Figure 2 ). Similar results were obtained with S II and AS II oligonucleotides (data not shown).
Effects of culture on cerulein-induced trypsinogen activation and cell injury. We have recently shown that incubation of freshly prepared pancreatic acini with a supramaximally stimulating concentration of cerulein results in intra-acinar cell activation of trypsinogen, release of TAP within acinar cells, and acinar cell injury (4, 5) . As shown in Figure 3 , the same response to a supramaximally stimulating concentration of cerulein is noted when freshly prepared fragments are used. When fragments are cultured for 6 or 12 hours, basal levels of trypsin activity, TAP, and LDH release are similar to those noted for freshly prepared fragments (not shown). Addition of a supramaximally stimulating concentration of cerulein to fragments after either 6 or 12 hours of culture, however, fails to result in a rise in trypsin activity or TAP levels, and LDH leakage is not accelerated (Figure 3) .
Effects of culture on HSP levels and message in pancreas fragments. HSP70 levels, as determined by Western blotting, are relatively low in freshly prepared fragments, but they rise within 6 hours after the start of culture and remain stably elevated for up to 24 hours of culture ( Figure 4 ). HSC70, HSP27 (Figure 5b ), and HSP60 (data not shown) levels were not altered by the culture of fragments over this time. HSP70 mRNA levels, as determined by RT-PCR, are also low in freshly prepared fragments, and they also rise rapidly within 6 hours after the start of culture (data not shown).
Effects of quercetin and antisense oligonucleotides on HSP70 expression in pancreas fragments. Incubation of freshly prepared fragments with the antioxidant quercetin (50 µM) for 12 hours was found to completely block the otherwise expected rise in HSP70 levels (Figure 5a ), and the resulting HSP70 level was noted to be below that observed in freshly prepared fragments at the start of incubation. A similar result was obtained when freshly prepared fragments were incubated with phosphorothioate antisense nucleotide (AS I or AS II) for 12 hours, but, in this case, the HSP70 level was very similar to that noted in freshly prepared fragments at the start of incubation (Figure 5b) . In contrast to the effects noted with antisense oligonucleotide, incubation of fragments with sense oligonucleotide (S I or S II) did not reduce the rise in HSP70 levels noted after 12 hours of culture. HSC70 and HSP27 levels were also unaffected by treatment with AS or sense oligonucleotides ( Figure 5b) . A similar trend in HSP70 mRNA expression was observed when the fragments were incubated with antisense or sense oligonucleotides (data not shown). Neither antisense nor sense oligonucleotide addition altered HSP60 mRNA expression in fragments after 12 hours of culture (data not shown).
Effects of inhibiting HSP70 expression on colocalization, trypsinogen activation, and cell injury in pancreas fragments.
As shown in Figure 6 , supramaximal stimulation with cerulein of fragments cultured with quercetin for 12 hours results in a rise in intracellular trypsin activity, but no such rise is noted when quercetin is absent from the culture medium. Similarly, supramaximal stimulation with cerulein of fragments cultured with antisense nucleotides to HSP70 results in a rise in trypsin activity and TAP levels in the fragments, but no such rise is noted when sense oligonucleotides are used (Figure 7a and b). Finally, supramaximal stimulation with cerulein of fragments cultured with an antisense oligonucleotide (AS I or AS II) results in accelerated LDH release, but no such acceleration is present when a sense oligonucleotide (S I or S II) is used (Figure 7c ).
As previously noted to occur in vivo (4), in vitro exposure of freshly prepared fragments to a supramaximally stimulating dose of cerulein for 30 minutes results
Figure 4
Effect of duration of culture on HSP70 expression in pancreas fragments, as assessed by Western blotting. Relative optical densities were quantitated as described in the text and are expressed as mean ± SEM for at least three independent experiments in each group. A P < 0.05 compared with control (0 hour) value.
in colocalization of cathepsin B and TAP (Figure 8a ). This colocalization is prevented when fragments are cultured for 12 hours (Figure 8b) . Incubation of fragments with AS-HSP70 oligonucleotide (AS I) results in restoration of this colocalization phenomenon in response to supramaximal cerulein (Figure 8c ).
Discussion
HSPs are a group of proteins that are preferentially expressed in many cell types in response to stress. For the most part, HSPs exert a protective effect against cellular injury (22, 23) . HSP expression can be induced by a variety of physiological stresses including heat, oxygenderived free radicals, endotoxins, heavy metal ions, amino acids, ethanol, and arsenite (24) . HSP70 (also referred to as HSP72 or inducible HSP) is perhaps the most well-studied group of cytoprotective HSPs (25) . Members of the HSP70 family are believed to act as molecular chaperones accompanying newly synthesized proteins through various intracellular compartments, facilitating passage of proteins across various intracellular barriers, maintaining proper folding of newly synthesized proteins, and aiding in the elimination of incorrectly synthesized or assembled proteins (26, 27) . In general, stressed cells initially translate HSP messages to the exclusion of other messages (28) . This preferential translation appears to reflect both transcriptional (29, 30) and posttranscriptional (31) regulatory mechanisms.
In previous in vitro studies, we have employed a model system comprising freshly prepared acini obtained after collagenase digestion and gentle shearing of pancreatic tissue (4, 5) . Preparation of acini, however, has been noted previously to result in spontaneous stress-activated protein kinase activation, chemokine and cytokine upregulation, and HSP27 phosphorylation (32, 33) . Presumably, these changes represent cellular responses to the stress of acini preparation. To avoid the enzymatic digestion and shearing that could contribute to acinar cell stress, we have employed in the current study a model system consisting of pancreas fragments rather than acini. Even under these conditions, however, we have found that HSP70 expression increases rapidly during culture. Both HSP70 mRNA and HSP70 protein levels are increased. Two potential explanations for our observations should be considered. First is the possibility that simple in vitro incubation of the fragments represents a stress that is sufficient to increase HSP70 expression. Alternatively, our observations could indicate that the in vitro condition results in the elimination of a tonically inhibitory influence that physiologically prevents HSP70 expression in vivo.
Pancreas fragments, cultured for short periods, have been used by others, most notably Norman and coworkers (13) , for studies dealing with pancreatitis. We have found that those fragments remain viable for up to 48 hours (Figure 1a ) of culture and that they retain the normal biphasic dose-dependent amylase secretory response to increasing concentrations of cerulein for up to 24 hours (Figure 2 ). This latter observation indicates that the affinity states of the CCK-A receptor on pancreatic acinar cells, which normally involve high-affinity stimulatory receptors and lower-affinity inhibitory receptors, are not altered during these relatively brief periods of culture.
Freshly prepared fragments of pancreas respond to supramaximal secretagogue stimulation in a manner
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Figure 5
Effect of incubation of pancreas fragments with quercetin or antisense/sense HSP70 oligonucleotides on HSP expression. (a) C 0 , freshly prepared pancreas fragments; C 12 , pancreas fragments after 12 hours of culture; Q, pancreas fragments after 12 hours of culture with quercetin (50 µM). HSP70 protein expression was evaluated by Western blotting, and relative optical densities are expressed as mean ± SEM for at least three separate experiments in each group. A P < 0.01 when quercetin-incubated fragments are compared with untreated 12-hour control fragments. (b) C 0 , freshly prepared pancreas fragments; C 12 , pancreas fragments after 12 hours of culture; S I, pancreas fragments incubated with sense oligonucleotide S I (1 µM) for 12 hours; AS I, pancreas fragments incubated with 14-mer antisense oligonucleotide AS I (1 µM) for 12 hours; S II, pancreas fragments incubated with sense oligonucleotide S II (1 µM) for 12 hours; AS II, pancreas fragments incubated with 18-mer antisense oligonucleotide AS II (1 µM) for 12 hours. Expression of indicated HSPs was assessed by Western blotting. Relative optical densities of HSP70 bands are expressed as mean ± SEM for at least three separate experiments in each group. A P < 0.01 when antisense oligonucleotide-incubated fragments are compared with untreated 12-hour control fragments.
that is identical to that noted for freshly prepared acini and similar to that noted for the in vivo pancreas after supramaximal cerulein stimulation; i.e., there is colocalization of lysosomal hydrolases and digestive enzyme zymogens, intracellular activation of trypsinogen, and subsequent acinar cell injury. Evidence for the trypsinogen activation comes from the observation that TAP levels and trypsin activity in the fragments are increased after addition of cerulein, whereas evidence for the acinar cell injury comes from the finding that LDH release from fragments is accelerated after cerulein addition (Figure 3 ). Within 6 hours after the start of culture, the ability of a supramaximally stimulating concentration of cerulein to increase TAP or trypsin activity levels or to cause accelerated LDH release from fragments is lost ( Figure  3) , whereas HSP70 levels are markedly increased by 6 hours after the start of culture (Figure 4 ).
The similarity in the time dependence for HSP70 expression and loss of response to supramaximal secretagogue stimulation suggested to us that the two phenomena might be related and that HSP70 might protect against cerulein-induced cell injury by preventing trypsinogen activation. To further explore this possibility, we have employed two methods of inhibiting HSP70 expression -quercetin and antisense oligonucleotide addition to the incubation medium -and evaluated the effects of these agents on the cerulein-induced changes.
Quercetin and several other flavonoids have been used extensively to prevent the expression of HSP70 in several models. Quercetin has been shown to inhibit HSP70 expression by blocking binding of heat shock factor (HSF) to heat shock element (HSE) and to reduce HSP70 mRNA accumulation (34, 35) . In our experiments, inclusion of quercetin in the culture medium for 12 hours prevented culture-induced upregulation of HSP70 expression ( Figure 5a ) and restored the ability of a supramaximally stimulating concentration of cerulein to cause intracellular trypsinogen activation ( Figure 6 ).
These observations are clearly consistent with the concept that the culture-dependent loss of trypsinogen activation in response to cerulein is mediated by the culture-dependent increase in HSP70 expression.
Figure 6
Effect of incubation of pancreas fragments with quercetin (50 µM) on trypsinogen activation. Trypsin activity in the homogenates was measured according to the method described in the text. Values are mean ± SEM obtained from at least three separate experiments. A P < 0.05 when cerulein-treated freshly prepared fragment values are compared with basal values. B P < 0.05 when quercetinincubated cerulein-stimulated fragments are compared with cerulein-stimulated 12-hour control fragments.
Figure 7
Effect of incubation of pancreas fragments with antisense/sense HSP70 oligonucleotides (1 µM) on trypsinogen activation and cell injury as assessed by LDH release into the medium. Trypsin activity (a), TAP levels (b), and LDH leakage (c) were measured as described in text. Values are mean ± SEM obtained from at least three independent experiments and are expressed as percent of maximal response to cerulein stimulation in freshly prepared pancreas fragments. A P < 0.05 when cerulein-treated freshly prepared fragment values are compared with the basal values. B P < 0.05 when antisense oligonucleotide-incubated cerulein-stimulated fragments are compared with cerulein-stimulated 12-hour control fragments.
Unfortunately, however, other conclusions also remain possible since quercetin has a number of other effects on cells in addition to inhibiting HSP expression, and even the effects on HSP expression are nonspecific for HSP70. Studies by others using nonpancreatic tissues have shown that quercetin inhibits synthesis of HSP110, HSP90, HSP47, HSP40, and HSP28, in addition to HSP70 (34) .
To examine the role of HSP70 more specifically in cerulein-induced pancreatic injury, we have chosen to employ antisense HSP70 oligonucleotides. Theoretically, introduction of an antisense oligonucleotide, which is complementary to a portion of the coding sequence, will block expression of the protein encoded by the target mRNA. Recently, stable analogues of antisense nucleotides incorporating phosphorothioates have become available and have been extensively evaluated (36, 37) . Nakano et al. (8) used antisense HSP70 to block hypoxia and ischemia-induced HSP70 increases in feline cardiocytes. They showed that inhibition of HSP70 expression in those cells increases their susceptibility to hypoxic injury. Guzik et al. (38) blocked heat-induced HSP70 expression in monocytes using an antisense oligomer to show that HSP70 protected monocytes against Staphylococcus aureus-induced apoptosis. In our studies, we have used phosphorothioate antisense HSP70 to inhibit HSP70 expression induced by culture of pancreas fragments. We have compared the effects noted with the antisense HSP70 oligonucleotide with that observed when either no oligonucleotide is added or when the sense HSP70 oligonucleotide is present.
Addition of either sense or antisense oligonucleotide to the culture medium does not alter the viability of cultured fragments, as evaluated using the MTT assay, for up to 12 hours (Figure 1a ). Addition of the antisense oligonucleotide (AS I or AS II), but not the sense (S I or S II) oligonucleotide, prevents both HSP70 mRNA and HSP70 protein expression after 12 hours of culture. These findings are consistent with the conclusion that the antisense HSP70 oligonucleotide blocks HSP70 expression. The effect appears to be specific for HSP70 since HSC70 and HSP27 protein levels and HSP60 mRNA expression are not altered by incubation with the antisense oligonucleotide.
The ultimate goal of our studies was to evaluate the possible cause-effect relationship between cultureinduced HSP70 expression in pancreas fragments and culture-induced protection against both ceruleininduced trypsinogen activation and cerulein-induced cell injury. To examine these issues, fragments were cultured in the presence of either antisense or sense oligonucleotides for 12 hours and then subjected to supramaximal secretagogue stimulation. As shown in Figures 7, a-c, and Figure 8 , fragments incubated in the absence of oligonucleotides did not demonstrate colocalization, TAP generation, trypsin activity, or accelerated LDH leakage after addition of cerulein. A similar lack of response was noted when the sense oligonucleotide was added to the incubation medium. However, when the antisense oligonucleotide was present at a concentration that prevented HSP70 expression, a marked increase in colocalization, TAP level, trypsin activity, and LDH release were observed after addition of cerulein.
The restoration of these responses by inclusion of a specific probe (i.e., antisense HSP oligonucleotide) allows us to conclude, unequivocally, that the loss of these responses induced by culture is mediated by the culture-induced rise in HSP70 expression. Since TAP is released from trypsinogen during zymogen activation, our finding that HSP70 prevents both the release of TAP and the rise in trypsin activity in fragments indicates that the HSP exerts its effect by blocking the intracellular activation of trypsinogen rather than inhibiting the already activated enzyme.
Prior thermal stress protects against cerulein-induced pancreatitis (8) and prevents cerulein-induced in vivo activation of trypsinogen in acinar cells (39) . Whereas these phenomena are associated with thermal stress-induced HSP70 expression, thermal stress may have other effects, including induction of other HSPs, which could account for protection against pancreatitis and prevention of trypsinogen activation in vivo. The current reported results clearly indicate that HSP70
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The Journal of Clinical Investigation | July 2000 | Volume 106 | Number 1 expression can prevent intra-acinar cell activation of trypsinogen and cell injury caused by cerulein in vitro when that HSP70 expression is induced by culture stress. Further studies using the in vivo system, however, will be needed before it can be unequivocally concluded that the protection afforded by thermal stress is actually mediated by HSP 70. Furthermore, the mechanism(s) by which HSP70 might interfere with cerulein-stimulated intracellular trypsinogen activation also remain unknown and will be the subject of future studies. That process of intracellular activation is believed by some, but not all, investigators to result from missorting of proteins within acinar cells and the resultant colocalization of trypsinogen and other digestive enzymes' zymogens with lysosomal hydrolases such as cathepsin B within membrane-bound intracellular organelles (40) . The observations reported in this study, along with the recent reports of studies in various systems that suggest that HSP70 may play an important role in intracellular trafficking of proteins (41, 42) , makes it tempting to speculate that HSP70 might prevent cerulein-induced intracellular activation of trypsinogen by interfering with the cerulein-induced colocalization phenomenon that we have shown in here ( Figure 8 ).
